The surface of an implant determines its ultimate ability to integrate into the surrounding tissue. The composite effect of surface energy, composition, roughness, and topography plays a major role during the initial phases of the biological response to the implant, such as protein adsorption and cellular adherence, as well as during the later and more chronic phases of the response.
Introduction

E
arly investigations into the interaction between implant materials and tissues were limited to examinations of the inherent biocompatibility characteristics of the material. While these classic studies were generally limited to morphological observations, they nonetheless resulted in a set of materials that are currently accepted as "suitable" for implantation. These materials can be subdivided into three general classes-biotolerant, bioactive, and bioresorbable-based on their level of interaction with the surrounding tissue and the type of cellular response elicited. The formation of thin connective tissue capsules (from 0.1 to 10 jjim) around implanted devices is generally characteristic of blotolerant materials. The capsule formed does not adhere to the material. It is continuous, composed of acellular matrix, and separates the implant from surrounding viable tissue (Homsy et al., 1968; Homsy, 1970; Homsy and Armediades, 1971; Hulbert et al., 1973a,b; Hench and Ethridge, 1982) . Variations in the thickness of the capsule may occur as a function of micromotion at the interface (Hench and Ethridge, 1982) .
Often, materials which elicit formation of thin connective tissue capsules are mistakenly termed "bioinert" because a severe chronic inflammatory response is not evident. These materials do in fact interact with surrounding tissue, but often not to the extent of being able to cause changes in either the cellular structure or material at the light microscopic level. Indeed, the presence of connective tissue at the interface demonstrates that these materials have elicited a biologic response, causing the cells in adjacent tissue to synthesize, secrete, and maintain the connective tissue interface. Some of the materials that are in current use and which come into direct contact with bone are polymers such as polytetrafluoroethylene (PTFE) and polymethylmethacrylate (PMMA), ceramics such as alumina and zirconia, and metals such as the titanium and cobalt-chrome-molybdenum alloys (Bechtol et al, 1959; Homsy, 1970; Homsy and Armediades, 1971; Hench and Ethridge, 1982) .
Bioactive materials comprise another general category of materials used in bone in vivo. The surfaces of these materials are designed to interact with the surrounding tissue in such a way as to induce bone formation in direct contact with the implant. Ideally, these materials are bone-bonding and form a seamless junction between the biomaterial and the extracellular matrix of the adjacent bone cells. In most cases, however, only a tight apposition or interdigitation occurs at this junction. The successful incorporation (and hence rigid fixation) of an alloplastic material within its surrounding bony bed is generally referred to as osteointegration or osseointegration.
Bioactive materials can be derived from natural tissue, such as replamineform-treated hydroxylapatite materials, or they may be entirely man-made, such as the bioglasses and synthetic calcium phosphates, including hydroxylapatite (Beder and Eade, 1956; Hall, 1970; Hulbert et al, , 1972 Hulbert et al, , 1973b Hulbert et al, , 1974 Hench and Ethridge, 1982) . Whether metals such as commercially pure titanium can be bioactive materials is still a matter of discussion (Takatsuka et al, 1995) , but the interaction between a titanium surface and cells cultured on these surfaces, as well as possible implications for osteogenesis, are addressed in greater detail below.
Biodegradable materials are designed to be ultimately replaced by autologous tissue. Many of these materials are composites of biological agents such as cells, tissue extracts, or proteins, and a structural support system. Ideally, after the material is resorbed, no trace of the implant should exist. These materials, therefore, are generally limited to compositions that can be readily metabolized by the body (Nelson et al, 1977; Hench and Ethridge, 1982) , such as collagen-derived products, polylactic acid and polyglycolic acid polymers, and processed bone graft.
While the classic studies of the Fifties, Sixties, and Seventies (Beder and Eade, 1956; Bechtol et al, 1959; Hall et al, 1966; Homsy et al, 1968; Homsy, 1970; Homsy and Armediades, 1971; Hulbert et al, , 1972 Hulbert et al, , 1973b Natiella et al, 1977; Nelson et al, 1977) have served to define the nature of biocompatibility and determine what materials meet these criteria, they did not examine what characteristics made these materials effective in vivo. Interest in the surface characteristics of implant materials and their effects in vivo emerged during the latter years of this period. Initially, these studies were macroscopic and focused on the creation of a porous surface which allowed for bony ingrowth.
The use of porous coatings on implants was investigated as early as 1969 (Hirschhorn and Reynolds, 1969) and was reported by several other groups shortly thereafter. The initial indications suggested that a mechanical interlock between the implant and the surrounding tissue produced sufficient fixation in the bone to obviate the need for polymethyl methacrylate cements in total joint replacements (Galante et al, 1971; Cameron et al, 1973; Robertson et al, 1976; Bobyn et al, 1980a,b) .
These porous surfaces were produced by a multitude of techniques. In some cases, spherical beads of various sizes were sintered onto metal substrates (Bobyn et al, 1980a) , while in others, metal fibers were bonded together and then incorporated into the device. A variety of studies was conducted that, at least during the initial post-implantation phase, showed better pull-out strength with porous-coated surfaces (Cook et al, 1988; Cook, 1991) . Over the last 20 years, this has translated into the clinical use of porous-coated devices in younger patients who have good bone stock.
Development of porous coatings brought to light the role of localized strains in the formation of bone (Cameron et al, 1973) . Excessive motion at the boneimplant interface has been shown to have a detrimental effect on the amount of bone ingrowth into porous-coated implants (Cameron etal, 1973; Pilliaret al, 1986; Cook et al, 1988; Cook, 1991) . Previous studies have shown that various parameters of motion also affect the nature of this tissue growing into the pores of the implant. These parameters include the amplitude and frequency of the motion Goodman and Aspenberg, 1992; Goodman et al, 1993a,b) .
Some authors have shown that short periods of micromotion can promote bone accretion, while excessive microstrain can have the opposite effect (Rubin and Lanyon, 1984; Goodship and Kenwright, 1985; Lanyon, 1987; Kenwright and Goodship, 1989; Rubin and McLeod, 1994) .
It was apparent during the early biocompatibility studies on porous-coated implants that excessive micromotion at the implant site enhanced the formation of fibrous tissue. However, variations in pore sizes of the coatings affected both the quantity and quality of the new bone formed at the site. In their classic study examining the effect of pore size on the fixation of porouscoated implants in bone, Bobyn et al (1980b) found the greatest shear strength (approximately 17 MPa) with implants containing pores in the 50-400-jnm range. Implants with smaller pores did not have enough interstitial volume to accommodate uniform bone formation. Implants with larger pores (400-800 jim) had lower shear strengths at eight weeks and increased shear strengths at 12 weeks, due to the fact that a greater volume of bone had to form for creation of the mechanical lock, but once formed, the increased bone surface was more effective.
The authors concluded that use of more particles per unit volume to achieve an intermediate pore size would result in an increased likelihood of particle-to-bone contact between the device and the surrounding tissue and increase the frictional forces between the two bodies, thereby decreasing the possibility of micromotion at the interface.
The relationship between implant surface characteristics and local strains was also examined in studies looking at the effects of porous coatings on femoral stems used in total hip replacements (THR). Clear evidence was seen that the location of the porous coating had a significant effect on the clinical outcome (Brown and Ring, 1985) . Profound effects on proximal fixation were evident in THRs where the entire femoral component had been coated with sintered beads. In these patients, fixation was noted in the lower and midfemoral regions, but not in the proximal femur. The authors concluded that rigid fixation in the middle and lower portions of the femoral component resulted in massive stress shielding, and hence resorption osteolysis, of the proximal region. In this same study, patients who had received non-porous-coated devices showed no change in radiolucency indicative of osteolysis.
A common theory is that the presence of these rougher surfaces allows the cells to migrate into the pores and, while in this environment, to be exposed to proper strain levels for bone formation, thereby promoting a solid mechanical interlock. While these levels have not been quantitatively determined, theories exist stating that a certain amount of strain is required for the formation of bone as opposed to fibrous tissue. Exceeding these "bone strain" levels results in the production of fibrous tissue.
All of this, of course, follows Wolff's law. The notion that strain affects cell characteristics has been studied in vitro and, to a lesser extent, in vivo. Some proponents believe that it is the mechanical characteristics at a site, as opposed to the inherent material characteristics, that dictate implant success. The truth of the matter may be somewhere in between, since surface characteristics will determine the local strain environments.
More recently, studies have focused on surface characteristics of implant materials and their ability to affect clinical outcome favorably. It is hoped that an understanding of how the characteristics of the material direct cellular response will lead to the development of surfaces and materials that facilitate successful incorporation (whether by bone-bonding or by osteointegration) of the device into the surrounding tissue.
Regardless of whether a material is biotolerant, bioactive, or bioresorbable, it is almost universally implanted during a surgical treatment. Further, the resulting outcome of the surgery is heavily dependent upon the device's ability to influence both the acute and chronic inflammatory phases of the healing process. In general, the very first steps of the acute healing phase will be the same in the the presence or absence of a for- osteointegraand, ultimately, calcification remain to be examined. 7 (4)-. 329-345 (1996) Crit Rev Oral Biol Med eign body (e.g., the implant). This is because the woundhealing response must be mounted in response to the surgical trauma. From this point on, however, the material characteristics of the device dictate the steps toward successful wound healing. In the case of a material implanted into bony tissues, successful healing includes incorporation or osteointegration of the implant into the surrounding bony bed. Incorporation into the surrounding tissue is also important when materials are implanted into soft tissue or other sites; discussion of these other tissues, however, is beyond the scope of this paper. The. body interacts with the implant's surface. Characteristics such as surface composition, surface topography, surface roughness, and surface energy are of importance . These characteristics are highly interrelated, and it is difficult to differentiate among the effects of the individual characteristics. Initially, the role of surface energy, as dictated by the surface roughness, topography, and composition of the implant, may play a major role in determining which proteins are adsorbed onto the surface, as well as whether or not the cells themselves adhere to the surface (Fig. 1) . Thus, surface energy can have an effect on the latter stages of bone formation and calcification by influencing the types of cells that initially attach to the material and differentiate at the implant-cell interface. Ultimately, it is the combined effect of the material and the early-responding cell populations that dictate the body's long-term response to materials .
In order for either osteointegration or bone bonding to occur, a series of events ranging from protein adsorption to osteoid synthesis must occur at the implant surface. In short, these events can be summarized as protein adsorption, cellular adherence, proliferation, differentiation, matrix production, and calcification. The effects of implant surface characteristics on these various phases will be discussed here.
PROTEIN ABSORPTION
Cells, either in vitro or in vivo, do not encounter a completely clean surface. At all times, the material is covered or conditioned by various components of the fluid in which it is immersed, whether it is serum, saliva, crevicular fluid, or cell culture media. Which proteins, or other components of the bathing medium, coat the surface of the material is partially dependent on the surface energy of the material. However, the potential for proteins to undergo structural rearrangement on the surface itself is also an important factor. Therefore, the behavior of adsorbed proteins may be related not only to the interaction between the charge of the material and the protein, but also to the protein's potential for change once adsorbed onto the surface. This process is governed by changes in the hydration of the material surface and the protein, Coulomb interactions between the material and the protein, and structural rearrangements in the adsorbing proteins. As the binding orientation of ions, minerals, water, protein, and other molecules is altered, there is a corresponding change in the cell's attachment to the surface via cell adhesion molecules, resulting in a change in cell shape, and finally, the behavior of the cell.
A variety of implant materials is used in bone with the expectation that osteogenesis will occur. Immediately upon implantation, the device becomes coated with a layer of organic and inorganic components from the plasma. These proteins, lipids, sugars, and ions adsorb to the surface of the implant. Not only are the types of molecules adsorbed important, but also the sequence in which these molecules adsorb to the surface is critical in orchestrating the body's response to the implant (Vroman and Adams, 1969; Hench and Paschall, 1973; Vroman et al, 1980; Pearson et al, 1988; Ziats et al, 1988; Pankowsky etal, 1990) . Fibronectin, a protein found in plasma at 2-3 mg/dL (Pankowsky et al, 1990) , has been found to bind almost instantaneously to a number of materials (Pearson et al, 1988) . This protein has an arginine-glycine-aspartic acid (RGD) binding-site sequence, thereby allowing it to mediate mesenchymal cell attachment. Other proteins, with similar binding-site sequences, can also adsorb to the surface. For example, attachment of bone-derived cells to stainless steel, titanium, alumina, or polyethelene-terephthalate, in vitro, has been shown to be dependent on the prior adsorption ofvitronectin to the surface (Howlett et al, 1994) . In addition, proteins such as albumin and IgG are also adsorbed onto the material at early time points (Pankowsky et al, 1990 ).
It appears that the composition of the proteins at the surface may be altered with time (Vroman and Adams, 1969; Vroman et al, 1980) . Meyer et al (1988) demonstrated that the absorption of lipids and proteins onto various biomaterials, including titanium, occurs within five minutes in vivo, while cell attachment does not occur until after several hours have elapsed. This suggests a requirement for prior conditioning of the surface before cell attachment can occur-a finding consistent with increased attachment by osteoblasts to titanium after the metal is coated with extracellular matrix proteins (Schneider and Burridge, 1994) . A considerable amount of literature, well beyond the scope of this review, exists on the adsorption of proteins to various materials, especially those materials used in cardiovascular applications and their subsequent effects in cell attachment.
CELLULAR ADHERENCE
While proteins adsorbed to the implant surface have an effect on the subsequent binding of cells, the composi-tion of the material itself may also affect cellular attachment. The extent to which surface composition can affect cell adherence is well-illustrated in a recent study by Gabriel et al. (1994) . In this study, micro-organisms, commonly associated with device-centered infections (Staphylococcus epidermidis), were incubated in the presence of micromachined titanium (Ti), aluminum (Al), and vanadium (V) substrates for 15 to 60 minutes. Quantitative analysis indicated tbat these organisms adhered preferentially to V surfaces. The numbers of adherent micro-organisms per unit area of V were approximately two and three times, respectively, the numbers of organisms on unit areas of Ti and Al. These investigators also found that bacteria have a higher affinity for Ti grains containing the oc + p phase than for those containing solely the a phase in Ti alloy (Ti 6 Al 4 V). The a + p phase regions of the alloy have higher concentrations of V than do a phase regions. This is because, in general, the level of V in the Ti alloy exceeds the solubility limit of the low-temperature p phase. Vanadium, however, serves to stabilize the high-temperature p phase. The ability of microbes to distinguish between a and a + p grains of Ti alloy may be due to the surface energy of the two compositions. This, in turn, may affect the differential adsorption of plasma components (Pankowsky et al, 1990) and/or alter their conformation on the surface (Vroman and Adams, 1969; Vroman et al, 1980) . The effect of fluoride treatment on dental enamel provides a good example of this phenomenon. It has been shown that exposure of dental enamel to stannous fluoride (SnF) results in a substantial increase in negative surface charge density (Kambara and Norde, 1995) . The presence of fluorapatite at the surface can alter formation of enamel pellicle, i.e., bound salivary proteins, and subsequent binding of oral micro-organisms (Ericsson and Ericsson, 1967; Rolla et al, 1977; Kambara and Norde, 1995) . It is possible that similar mechanisms may play a role in implant materials as well.
Studies by Hanein et al (1993 Hanein et al ( , 1994 suggest that eukaryotic cells can also discern differences at this level. In these studies, dramatic differences were seen in the ability of A6 kidney cells to adhere differentially to two different faces of calcium (R,R)-tartrate tetrahydrate crystals. These crystals have two chemically equivalent, but structurally unique, crystallographic faces. Although the same atoms are present on the surface of the crystal, their distribution results in the {011} and {101} faces having different distributions of lattice water molecules and, hence, electrochemical charge. Although the two crystallographic surfaces are chemically equivalent, they exhibit remarkable differences with respect to cellular adhesion characteristics. Initially, cells preferentially attach to and spread on the {011} face. This appeared to be protein-independent and was followed by cell death. Attachment to the {101} surface, however, was extremely slow and appeared to be mediated by RGD-containing proteins. These studies suggest the possibility that cellular adhesion may be mediated by one of two methods: Adherence can occur when the cell itself directly binds to the surface, or when it binds to RGD-containing proteins that adhere to the surface.
The surface energy of a material can readily be changed by some of the processing techniques used in the manufacture and preparation of devices for implantation. For example, several studies have shown that steam sterilization causes deposition of organic substances on the implants, rendering the surfaces less than clean and directly affecting wetting profiles. Changes in surface wetting profiles have direct effects on the biology and adherence of materials to the implant surface (DePalma, 1976; DePalma and Baier, 1978; . This can result in poor tissue adhesion and development of peri-implant scar tissue. Thus, it is possible that a material may preferentially adsorb one protein over another simply because of the treatment it receives during fabrication. This, in turn, may affect the population of cells that colonize the device.
Given the same composition, materials with smaller grain sizes are expected to have a greater amount of surface energy than those with larger grains. Greater levels of mechanical energy input during materials processing result in smaller grain structures. This energy is stored in grain boundaries. Thus, an increase in surface energy results from an increase in grain boundary surface area (per unit volume). Kilpadi and Lemons (1994) , however, found that the critical surface tension (CST) of two commercially pure titanium (cpTi) materials of different grain sizes (23 jim vs. 70 |im) did not vary. Since titanium materials rapidly form an amorphous titanium oxide layer on their surfaces, it is, in effect, the CST of the amorphous titanium oxide layer and not that of the underlying metal substrate that is being examined.
Although the surface energy of cpTi (and its amorphous titanium oxide layer) was not noticeably affected by mechanical processing, as evidenced by grain size in the example above, it was affected by surface treatment. Materials that had been cleaned via radio-glow discharge, for instance, had higher CSTs than those that had been passivated and dry-heat-sterilized. Both of these had higher CSTs than untreated materials (Kilpadi and Lemons, 1994) .
When the CST of unpolished, passivated, dry-heatsterilized, unalloyed titanium flats with an average surface roughness (Ra) of 1.3 jim was compared with that of polished (Ra = 0.2 jim) samples that were otherwise identical, the smoother surfaces were found to have greater CSTs (Kilpadi and Lemons, 1994) . Although differences were noted among the various treatment groups, it should be noted that all of the materials had CST values within the relatively narrow range of 30 to 50 dyne/cm. This relatively narrow band of CSTs may account for the excellent biocompatibility of titanium materials that have been subjected to considerably different manufacturing regimens .
Although cpTi is considered to have excellent biocompatibility (Beder and Eade, 1956; Albrektsson et al, 1981; Williams, 1981; Branemark, 1985; Donley and Gillette, 1991) , studies have shown that cells can discern differences in surface characteristics. In a study utilizing human fibroblasts, Keller et al. (1990) found that sterilization techniques significantly altered cell adherence characteristics. While the percentage of cells attached to acid-passivated cpTi was approximately the same as that on tissue culture polystyrene after 15, 30, and 60 minutes in culture, those on surfaces sterilized by autoclaving, ethanol, or ethylene oxide exhibited considerably less cell attachment.
Adherence to cpTi is altered not only by sterilization techniques but also by surface roughness. Studies using osteoblast-like cells from rat calvarial explants (Bowers et al, 1992) have shown that cells are sensitive to differences in roughness. These cells were cultured on materials with Ra's ranging from 0.14 \im to 1.15 |um. Of the various surfaces, a sandblasted surface with intermediate roughness (Ra = 0.87 jim) had consistently higher levels of percent cell attachment than did the plastic controls and the other titanium surfaces. These data, in conjunction with the observation that cells grown on sandblasted surfaces were morphologically different from those on the other surfaces, support the premise that cpTi surface roughness has an effect on initial cell attachment and subsequent spreading (Kelleretal, 1990; Ben-Zeev, 1991; Bowers et al, 1992) . Alteration in cell morphology has been shown to alter the phenotypic expression of cultured cells (Folkman and Moscona, 1978; Watt et al, 1988) . As will be discussed below, titanium surface roughness has been shown to modulate cell proliferation and differentiation, matrix synthesis, and local factor production (Cochran et al, 1994; Martin et al, 1995; Kieswetter^ta/., 1996; Schwartz et al, 1996) .
PROLIFERATION
The enormous number of permutations available with respect to the effects of surface energy, roughness, texture, and composition on the efficacy of biocompatible materials has led to attempts by several laboratories (Davies et al, 1990; Keller et al, 1990; Ricci et al, 1991; Bowers etal, 1992; Cochran et al, 1994; Martin etal, 1995; KieswettereU!., 1996; Schwartz et al, 1996) to isolate one of these characteristics and closely examine its effects on cellular response in vitro. In our laboratory, we have used two separate experimental systems to investigate the effects of surface composition and roughness on the proliferation, differentiation, and matrix production of cells of mesenchymal origin (Windeler et al, 1991; Hambleton et al, 1994; Martin et al, 1995; Kieswetter et al, 1996; Schwartz etal, 1996) .
To evaluate the effect of surface composition on cellular response, investigators have cultured rat costochondral chondrocytes and MG63 cells (osteoblast-like cells derived from hyman osteosarcoma) on thin films of various implant materials sputter-coated onto standard polystyrene culture dishes (Windeler et al, 1991; Hambleton et al, 1994) . The target materials were titanium, alumina, zirconium, and calcium phosphate (Ca/P = 1.67). All surfaces were 800 A thick and had the same surface morphology as the underlying polystyrene. Of the various coatings, differences between two coatings produced from the titanium target were the most intriguing. The films prepared in the inert environment had an amorphous TiO 2 passivation layer at the surface, while those prepared in the presence of oxygen were composed of crystalline TiO 2 (Windeler et al, 1991) . Thus, these films allowed the responses of cells on surfaces with identical chemistries, but different crystallographic structures, to be evaluated.
The response of MG63 to these surfaces suggested that cell proliferation alone was unable to assess the effect of surface chemistry on cell response adequately (Windeler et al, 1991) . Phenotypic expression of the MG63 cells, as indicated by changes in alkaline phosphatase specific activity, was modified by surface composition, but differences in cell number and collagen production were not evident, demonstrating the importance of the examination of multiple parameters.
This was made even more evident when non-transformed chondrocytes were examined on the sputtercoated surfaces. Cells were derived from two regions of rat costochondral cartilage which are at two distinct stages of endochondral maturation in vivo. Cells from the resting zone are relatively immature, while those from the growth zone are more mature. The differential phenotype of the two cell populations is maintained through four passages in culture, thereby allowing for comparison of cell responses to various factors as a function of cell maturation (Boyan et al, , 1992a (Boyan et al, ,b, 1994 Schwartz and Boyan, 1988; Schwartz et al, 1988a) . By using this model, we have been able to demonstrate that chondrocytes are sensitive to surface composition. Specifically, proliferation of both resting zone and growth zone chondrocytes on alumina and calcium phosphate materials was inhibited relative to that on plastic controls, but not on either of the TiO 2 surfaces described above (Hambleton et al, 1994) . Despite the similar responses of these two cell types with respect to proliferation, the resting zone and growth zone cells exhibited differences in cellular morphology and other phenotypic markers indicative of their cartilage maturation state when cultured on the same surface.
Chondrocytes and osteoblasts are also sensitive to surface roughness. We have examined the responses of rat chondrocytes and osteoblast-like MG63 cells utilizing an experimental system consisting of cpTi disks with various surface roughnesses, but essentially the same chemistry and surface oxide thicknesses (Martin et al, 1995; Kieswetterrtal., 1996; Schwartz etal, 1996) . Four of the five surfaces varied in roughness, and the fifth had a roughness that was comparable with that of one of the other test surfaces, but varied with respect to topographical distribution of the rough areas. The different surface roughnesses were produced by alterations in the manufacturing techniques. All disks were pre-treated with hydrofluoric acid-nitric acid and washed (PT). PT disks were then: electropolished (EP), sandblasted with a fine alumina grit, etched with HCl and H 2 SO 4 and washed (FA), sandblasted with a coarse alumina grit, etched with HCl and H 2 SO 4 and washed (CA), or titanium-plasmasprayed (TPS). The surfaces, from smoothest to roughest, ranked as follows: EP, PT, FA, CA, and TPS.
Initial studies examined the effect of surface roughness on osteoblast-like MG63 cells. All assays were conducted 24 hours after cells reached confluence on standard tissue culture plastic surfaces. As has been noted by others, cell morphology was distinctly altered as a function of roughness. Cells grown on the rough TPS surfaces were rounded in appearance and had cytoplasmic extensions which spanned the distance between surface peaks. In contrast, those grown on the smooth EP surfaces had a well-spread, flattened morphology similar to that of cells grown on plastic.
Cell number also varied with surface roughness. The number of osteoblasts on the roughest surface (TPS) was significantly lower than that on tissue culture plastic, while the number on the smoothest surface (EP) was significantly greater. The three intermediate surfaces, PT, FA, and CA, did not differ from the plastic controls with respect to cell number (Martin et al, 1995) . The DNA synthesis of cells grown on all titanium surfaces was significantly lower than that of those grown on plastic. In general, the extent of [ 3 H]-thymidine incorporation was inversely related to surface roughness. Cellular response to titanium surface characteristics has also been shown to vary with cell type. The proliferative responses of fibroblasts and epithelial cells are significantly affected by titanium surface characteristics (Cochran et al, 1994) . Examination of resting zone and growth zone chondrocyte response to surface roughness suggests that the observed effects may be cell-maturation-dependent as well . With respect to proliferation, the characteristics of the less mature resting zone chondrocytes are very similar to those of MG63 cells (Martin et al, 1995) , which have been hypothesized to be an immature osteoblast-like cell line (Franceschi et al, 1985) . In both cases, the general trend was one of decreasing cell number and DNA synthesis with increasing surface roughness. In contrast, growth zone cells grown on the three roughest surfaces (FA, TPS, and CA) all had significantly greater levels of [ 3 H)-thymidine incorporation than seen on tissue culture plastic, although cell number exhibited a decreasing trend with increasing surface roughness.
Lian and Stein Stein, 1992, 1993) have hypothesized that decreased proliferation precedes the expression of the more differentiated phenotype in culture. In light of this observation, it appears that, at least with respect to changes in proliferation, cells grown on rougher surfaces may be at a more advanced stage of development than their counterparts on smoother surfaces. The differences between the responses of the less mature cells (MG63s and resting zone cells) and those of the more mature growth zone cells suggest that cell maturation state may be more important to cellular response than either cell type or species. This is a rather intriguing concept, given that when a material is implanted into the body, it is more likely to interact with relatively undifferentiated mesenchymal cells participating in the wound-healing response than with fully differentiated osteoblasts.
DIFFERENTIATION
Once the inflammatory response is resolved and bone wound healing is well under way, it is critical that the progenitor cells which have migrated into the site differentiate into osteoblasts. Differentiation of mesenchymal cells is dependent on a highly variable and complex interplay among surrounding cells and various cytokines and growth factors present in the milieu. One marker of differentiation for endochondral chondrocytes and osteoblasts is increased alkaline phosphatase specific activity Stein, 1992, 1993) . In our lab, we have used the costochondral chondrocyte and MG63 osteoblast-like cell models to examine the effects of surface composition and roughness on differentiation (Windeler et al, 1991; Hambleton et al, 1994; Martin et al, 1995; Schwartz et al, 1996) .
While the proliferative responses of MG63 osteoblast-like cells grown on sputter-coated surfaces of different compositions were essentially equivalent, the extent of differentiation, as assessed by alkaline phosphatase specific activity, varied with surface composition. Of particular interest were the responses of the cells when cultured on the two surfaces produced from the titanium target. Alkaline phosphatase specific activity in the cell layer (cells plus matrix vesicles, organelles associated with initial calcification) of cultures grown on amorphous TiO 2 was three times that of similarly prepared cultures grown in plastic. In addition, the enzyme specific activity of isolated cells (no matrix vesicles) which had been cultured on the amorphous TiO 2 was approximately six times that of cells grown on poly- styrene. In contrast, MG63 cells grown on the crystalline TiO 2 surface had reduced levels of both cellular and cell layer alkaline phosphatase specific activity relative to controls (Windeler et al, 1991) . Cellular and cell layer alkaline phosphatase activity in cultures of both resting zone and growth zone chondrocytes grown on these surfaces was similar to that of the osteoblasts (Hambleton etal, 1994) . Since the presence of extracellular matrix vesicles contributes significantly to cell layer alkaline phosphatase, but not to that of the isolated cells Schwartz et al, 1988b ), it appears that surface composition has a profound effect on matrix vesicle production and/or activity. The facts that surface composition can modulate cellular differentiation, as evidenced by increases in alkaline phosphastase activity, and that matrix vesicles play a role in primary calcification suggest that surface energy can have significant sequelae with respect to the osteointegration process.
Studies utilizing our surface roughness experimental system suggest that, given essentially the same surface chemistry, surface roughness may play an important role in cell differentiation. In the MG63 cell cultures (Martin et al, 1995) , as well as the chondrocyte cultures , cellular alkaline phosphatase specific activity was decreased. Further, a cell-maturation-dependent influence was noted. Resting zone cells appeared to be more sensitive to differences in surface roughness than were growth zone cells. Cellular alkaline phosphatase activity of resting zone chondrocytes grown on all surfaces, except the smoothest surface (EP), was significantly lower than that of the plastic controls, while cellular alkaline phosphatase activity of growth zone chondrocytes was only significantly different from that of controls on the two roughest surfaces (CA and TPS). This same phenomenon was evident when the alkaline phos- phatase specific activity in the intact cell layer was analyzed. For growth zone chondrocytes cultured on the rough CA surface, there was a substantial difference in the enzyme activity in the intact cell layer compared with that of isolated cells. This indicated that alkaline phosphatase activity in the matrix must have been very high.
As discussed previously, the high level of cell-layer alkaline phosphatase activity can be attributed to the presence of matrix vesicles. The higher levels of matrix vesicle enzyme specific activity suggest that the rougher surfaces may enhance matrix vesicle production and, hence, the propensity toward calcification by the growth zone chondrocytes.
MATRIX PRODUCTION
The ability of a surface to elicit a desirable wound-healing response is much more complicated than its just being able to increase the number of pluripotent mesenchymal cells present at the site and to initiate their development along the proper cell lineage pathway. When osteointegration is the desired result, the proper pathway entails development of cells that are capable of producing a calcifiable matrix. This may occur via the secretion of calcifiable osteoid by osteoblasts or by the production of a calcifying matrix by cells participating in endochondral ossification at the wound site. Regardless of cell type, adequate and appropriate matrix production is necessary for development of a calcifiable matrix. We have studied the responses of osteoblasts and chondrocytes to various surface compositions and roughness in our two model systems (Windeler et al, 1991; Hambleton et al, 1994; Martin et al, 1995; Schwartz et al, 1996) . Proteoglycan and collagen production were assessed by [ 35 S)-sulfate incorporation into the cell layer and [ 3 H]-proline incorporation into collagenase-digestible protein, respectively. No differ- ences were evident in collagen production between MG63 cells grown on either the amorphous or crystalline TiO 2 surfaces and the polystyrene controls (Windeler et al, 1991) . When examined on surfaces of various roughnesses, however, collagen production by the MG63 cells on the rougher surfaces (TPS, CA), although not significantly different from that of polystyrene controls, was significantly higher than on the smoother cpTi surfaces. Proteoglycan production, on the other hand, was significantly reduced relative to the plastic control on all of the titanium surfaces. Overall, the effect was most pronounced in cells grown on the CA surface. Cells grown on these surfaces produced less proteoglycan than those grown on PT, FA, and TPS. Unlike MG63 cells, the chondrocytes were sensitive to surface chemistry. With the exception of cells grown on the amorphous titanium surfaces, all chondrocytes grown on the smooth sputter-coated surfaces showed a marked decrease in both proteoglycan and percent collagen production relative to the plastic controls (Hambleton et al, 1994; Schwartz et al, 1996) . When grown on the titanium surfaces of various roughnesses, the level of collagen production, relative to plastic controls, was less; the responses of resting zone and growth zone chondrocytes to surface roughness, however, were markedly different. Collagen production by the less mature resting zone chondrocytes was significantly less than that of controls on the two smoother surfaces (EP and PT). In contrast, collagen production by the more mature growth zone chondrocytes on the two smooth surfaces was equivalent to that of plastic controls, but was significantly less on the three rougher surfaces.
The notion that surface roughness modulates cell response in a cell-maturation-dependent manner is supported by studies examining the response of resting zone and growth zone chondrocytes to the amorphous titanium dioxide passivation layers. In the sputter-coated system, the TiO 2 layer was flat, while that on the surfaces utilized in the roughness study was less so, since it corresponds to the underlying surface conformation. With the exception of increased cell layer alkaline phosphatase specific activity, the responses of resting zone cells grown on the extremely smooth sputter-coated TiO 2 surfaces were identical to those of cells grown on the tissue culture plastic. A slight increase in surface roughness (as seen in the EP and PT surfaces), however, had effects on the cells that were indicative of a retardation of their ability to develop into more mature phenotypes relative to cells grown on plastic. A continued increase in surface roughness (such as seen on the FA, CA, and TPS disks), however, had the opposite effect. Overall, cells grown on these rougher surfaces appeared to be phenotypically more mature than those grown on the plastic controls.
The responses to increasing surface roughness by growth zone cells were different. Initially, as seen with the resting zone cells, growth zone cells exhibited increased alkaline phosphatase activity relative to the plastic controls on the smooth sputter-coated surface. An increase in surface roughness to the values seen on EP and PT had essentially no effect on cellular response (Tables 1 and 2 ). Cells grown on these surfaces had essentially the same biochemical characteristics as those grown on the control polystyrene tissue culture plates. Unlike the resting zone cells, growth zone cells grown on the rougher surfaces showed increased proliferation and decreased collagen synthesis.
The osteoblast response to the various surfaces (Table 3) was very similar to that of the resting zone cells. When the MG63 cells were first characterized, they were found to exhibit many of the characteristics of immature or pre-osteoblasts (Franceschi et al, 1985) . The similarity in responses of both immature cell lines supports the hypothesis that cell maturation state affects cellular response to a surface.
Local Factor Production
Cells at different maturation states are known to produce different repertoires of cytokines, growth factors, and proteins (Grigoriadis et al, 1988 (Grigoriadis et al, , 1989 Nakahara et al, 1991) . Studies using chondrocytes in our culture system have demonstrated that differences in extracellular matrix production by resting zone and growth zone cells are very pronounced, particularly with respect to the composition of extracellular matrix vesicles (Bonewald et al, 1992; Boyan et al, 1992b; Sela et al, 1992; Swain et al, 1992) . For example, although the matrix vesicles of both cell types have approximately the same levels of phospholipase A 2 activity, they differ considerably with respect to their alkaline phosphatase specific activity.
Since these organelles play a role in calcification, the differences in composition are thought to be related to the cells' relative abilities to calcify their matrices. The production of matrix vesicles with different biochemical compositions is a salient feature of the differentiation process that culminates in fully mature growth zone cells from the less mature resting zone phenotype. The progression along this lineage pathway is dependent on the communication between cells that are in the pathway with those in the surrounding tissue. It is our belief that since mesenchymal cells are capable of differentiating along one of several pathways based upon the concentration and presence of local factors (Grigoriadis et al., 1988 (Grigoriadis et al., , 1989 Nakahara et al., 1991) , this principle can be extended to the interactions between cells adherent to an implant surface and those in the surrounding vicinity (Fig. 2) . Our premise, therefore, is that cells on the implant surface are capable of affecting those at sites distal to the implant by the type, concentration, and activation state of the growth factors they produce. Likewise, via the same autocrine/paracrine signals, cells that are distal to the implant are also capable of exerting an influence on those at the device surface. It would be expected, therefore, that in an osteogenesis-favorable environment, cells on the device surface would produce a repertoire of growth factors that would induce differentiation of the mesenchymal cells in the surrounding tissue along a pathway that would preferentially lead to the formation of a calcifiable matrix. This being the case, bone resorption in the vicinity would be repressed, and formation would occur not only from the surrounding tissue toward the implant, but also from the implant toward the outer portions of the defect. Furthermore, differences in the cytokine and growth factor profile present at the bone-implant interface may result in differences in the quality, extent, and rate of bone formation.
In the event that the cells on the surface were incapable of producing, or not sufficiently stimulated to produce, the appropriate complement of autocrine and paracrine factors for adequate stimulation of osteogenesis by the distal cells, then it would be expected that the wound-healing response would culminate in encompassing the device in a fibrous capsule and not osteointegration. This same outcome would also be expected if the distance between the cells on the implant surface and those in the surrounding tissue was sufficiently large as to be prohibitive for paracrine communication between the two populations.
Recent studies in our laboratory have begun to examine how material surface characteristics may affect the complement of cytokines produced by cells at the surface. By understanding this initial set of growth factors and cytokines produced at the implant site, and combining this information with current studies of bone formation, we hope that, in the future, we can examine the entire cascade of events involved in the mineralization of tissue at the device interface. Currently, our focus is on examining the effects of surface roughness on the production of two local factors, prostaglandin E 2 (PGE 2 ) and transforming growth factor-P, (TGFP), that are important in both wound healing and bone formation (Chyun and Raisz, 1984; Bonewald et al., 1990 Bonewald et al., , 1992 Dworetzky et al, 1990; Joyce et a/., 1990; Raisz and Fall, 1990; Schwartz et al., 1992b) . We have conducted these studies using the same five surfaces previously used to investigate the effects of surface roughness on proliferation, differentiation, and matrix production of cells (Kieswetter eta!., 1996) .
The hypothesis that MG63 cells grown on rougher surfaces (FA, CA, and TPS) are more differentiated than those grown on smoother surfaces is supported by enhanced production of both factors. As has been seen, proliferation, particularly as indicated by cell number, is significantly reduced on the rougher surfaces. Although a smaller number of cells is present on these surfaces, the total levels of PGE 2 and TGFI3 were significantly greater (Kieswetter et al, 1996) . The combination of decreased cell number and increased PGE 2 and TGFp production on the rougher surfaces indicates that these cells are synthesizing considerably more local factor on a per-ce\\ basis.
The effect of surface roughness on the production of local factors is not straightforward, since the exact role of PGE 2 and TGFp in calcification still remains under active investigation (Chyun and Raisz, 1984; Bonewald et al, 1990 Bonewald et al, , 1992 Dworetzky etal, 1990; Joyce etal, 1990; Raisz and Fall, 1990; Schwartz et al, 1992b) . Furthermore, the results indicate that changes in production capacity by the osteoblasts may vary with the local factor as well as the surface being examined (Kieswetter et al, 1996) . For instance, when normalized to cell number, production of PGE 2 on the FA surface was found to be elevated with respect to production on the smoother EP and PT surfaces. TGFp production on a per-ce\\ basis, however, was statistically identical on all three surfaces. This indicates that, relative to cells grown on the EP and PT surfaces, the cells grown on the FA surface are more prone to a drastic increase in the up-regulation of PGE 2 production, but not TGFp production. The differences in the local concentrations of these individual factors, therefore, may account for some of the similarities between the FA and the two other smoother surfaces with respect to cell proliferation and differentiation, but not matrix production. The amount of TGFp produced by MG63 cells on rough surfaces is comparable with levels shown to stimulate osteoblast-like cells in vitro (Bonewald et al, 1992) . While levels of PGE 2 are slightly lower than necessary to stimulate osteoblasts in vitro (Farr et al, 1984; McCarthy et al, 1991) , these factors may act in concert with others to enhance osteoblastic differentiation.
This suggests the possibility that implant surface roughness may affect not only the concentration of cytokines produced by the cells, but also how the cells react to hormonal or paracrine stimuli. While it is unlikely that PGE 2 and TGFp alone can account for differences in bone formation observed adjacent to implants in vivo, it is believed that, for the mechanisms of osteointegration at the bone-biomaterial interface to be understood, the effects of materials on the surrounding cells and their production of cytokines, growth factors, and other local mediators must be understood.
Surface Effects on the Wound-healing Response and Subsequent Osteogenesis in vivo
While it is expected that perhaps one of the four surface characteristics may play a more dominant role in some situations than others, it is important to realize that the four are interrelated and that their relationship will dictate the course whereby osteogenesis occurs. Carefullythought-out and controlled in vitro studies on the effects of surface composition, roughness, texture, and/or energy can provide us with considerable insights into the ability of a surface to modulate cell response. The various theories with respect to what type of surface best promotes osteointegration by the surrounding tissue, however, can only be properly elucidated by studies in vivo. The surgical injury necessary for implantation is generally expected to heal according to the normal mechanisms of inflammation and wound healing. The presence of an implant, however, affords the opportunity for these normal mechanisms to be altered. In order for proper bone healing and repair to occur, the device must direct the inflammatory and wound-healing responses along normal directions. Perhaps more importantly, it must not direct the body toward a pronounced, chronic inflammatory response, whereby the implant site becomes encapsulated with fibrous tissue, and bone resorption around the implant ensues. The direction of the cellular response is initiated immediately upon the placement of the device into the wound site, since this is the time at which the material becomes coated with endogenous proteins and other factors.
The classic biocompatibility studies (Beder and Eade, 1956; Bechtol et al, 1959; Hall et al, 1966; Homsy et al, 1968; Hall, 1970; Homsy, 1970; Homsy and Armediades, 1971; Hulbert et al, , 1972 Hulbert et al, , 1973b Natiella et al, 1974 Natiella et al, , 1977 Nelson et al, 1977) clearly addressed the effects of surface composition on in vivo response. The importance of the other factors, however, was generally not taken into consideration. At the time of the early studies, some materials were clearly found to be unacceptable, and their use in vivo has been abandoned. The remaining satisfactory materials resulted in the broad classifications of materials discussed at the beginning of this text. Given the advent of many new and novel materials such as polyfdesaminotyrosinetyrosylhexyl) ester carbonate (Pulapuna and Kohn, 1992; Nathan et al, 1993; Ertel et al, 1995) , as well as the combination of more traditional materials into composites (Guild and Bonfield, 1993; Knowles and Bonfield, 1993) , the question of how the body interacts with materials of various compositions remains of importance.
Surface roughness has been shown to affect the ability of materials to osteointegrate. A variety of studies appears to indicate that, in general, devices with smoother surfaces are more likely to result in the formation of thicker fibrous encapsulation than are those with rougher surfaces (Albrektsson et al, 1981 (Albrektsson et al, , 1985 Linder et al, 1983 Linder et al, , 1988 Thomas and Cook, 1985; Albrektsson and Hansson, 1986; Chehroudi etaf., 1989; HaddadeU!., 1987; Inoueetfll., 1987; Thomas eta!., 1987; Ricci et al, 1991) . In a study by Albrektsson and Hanson (1986) , the interface of a smooth titanium (sputter-coated or vapor-deposited) surface was found to consist of a 200-to-400-A-wide layer of proteoglycan associated with collagen bundles that were 1 to 2 nm from the implant surface. The fibrous 7(4): 329-345 (1996) capsule surrounding smooth, but not rough, implants has been evident to others (Linder et al, 1983 (Linder et al, , 1988 Thomas and Cook, 1985; Inoue et al, 1987; Thomas et al, 1987; Chehroudi et al, 1989; Ricci et al, 1991) . Different surface textures result in different contacts between cells and the surrounding matrix. This, in turn, affects the cellular interactions at the surface and produces differences in the types of bonding that can occur at the interface.
Recent studies by Gotfredsen et al. (1995) have further confirmed previous evidence of increased osteointegration in the vicinity of rougher implants (Thomas and Cook, 1985; Carlsson eta/., 1988; Buseretal, 1991; Ricci et al, 1991) . In these studies, implants of various configurations and roughnesses were implanted into rabbit tibias. The removal torque of relatively smooth machined implants (Ra = 31 ±0.12 |im) was compared with that of a rougher titanium surface (Ra = 61 ± 0.03 jim) obtained by grit-blasting with titanium dioxide particles on the order of 10 to 53 [im. Both cylindrical and screw-type implants were made with each surface treatment. In both cases, the rougher surfaces had significantly higher removal torques than did the smoother surfaces. These differences were evident as early as three weeks after implantation and continued to be significant at 12 weeks post-implantation (Gotfredsen et al, 1995) .
The improved response seen at the longer time periods is dependent upon the development of viable bone at this interface. Traditionally, it is thought that the development of bone at the site of an implant occurs from the surrounding distal tissue toward the device. The ability to sustain bidirectional bone formation at an implant surface in humans is supported by recent studies of porous plugs implanted into the medial femoral condyles of older humans (67 ± 9 years; n = 19) (Bloebaum et al, 1994) . Bone apposition and remodeling were significantly enhanced at the implant interface relative to that found in peripheral tissue. One and three weeks prior to retrieval, the subjects participated in a fluorochrome labeling regime. At this cancelous bone site, the presence of fluorochrome labels was noted within the porous coating in samples that were in situ between 6 and 11 weeks. This suggests that appositional bone growth was occurring (i.e., bone was growing out from the implant). No bone ingrowth was apparent when gaps of greater than 50 jum existed between the porous coating and the surrounding bone, suggesting that the intercommunication between cells on the surface and those in the surrounding tissue was hindered, possibly due to the size of the gap or the presence of micromotion and the pooling of blood in the interface.
Cells adherent to, and growing on, rougher surfaces appear to be more adept at communicating their osteogenic potential via paracrine and signaling mechanisms to other cells in the vicinity (Schwartz et al, 1991 (Schwartz et al, , 1993 . Response to this message from cells in the surrounding tissue initiates a sequence of events necessary for bone formation. The joining of the two opposing fronts (one growing from the implant surface toward the tissue, the other from the bone toward the implant) signifies osteointegration. The modeling and remodeling that occur in this region, and our subsequent inability to determine the directional nature of the bone growth in this area, are further indications of successful wound repair.
Successful wound repair is dependent upon intercommunication of cells participating in the healing response. It is therefore critical that cells at an implant surface be capable of communicating with cells in the tissue surrounding the device. In order to optimize the possibility of osteointegration, we must understand not only how an implant's surface characteristics, as determined by the composite effect of surface energy, composition, roughness, and topography, affect the initial biological response, but also how these characteristics may direct longer-term biological responses, such as cell proliferation, differentiation, matrix production, and, ultimately, bone formation.
Summary and Future Directions
Surface roughness has been shown to affect osteoblast proliferation, differentiation, matrix synthesis, and local factor production. The studies described in the current review provide insight into how osteoblasts interact with several different types of implant surfaces. By understanding how changes in the nature of a surface affect the maturation state and local factor production of cells growing on it, investigators can design surfaces that preferentially induce osteointegration at the implant site. A major finding, described in this paper, is that osteoblasts exhibit a more mature phenotype when grown on rougher surfaces. Surface roughness and other characteristics needed for optimal osteointegration, however, remain to be elucidated. Moreover, studies are needed which more clearly define the relationship between the characteristics of an ideal implant surface and the healing process. In particular, the effects of local factors and hormones on the responses of cells at the implant surface are necessary. This new information will help us achieve better clinical results.
In dentistry, the implanted device interfaces with a variety of tissues (epithelial, connective tissues, and bone). By understanding the implant surface characteristics which are optimal for each one of these tissues, investigators will be able to design better implants by customizing specific regions of the implant for each tissue type. While currently used devices are generally satisfactory, development of a c' -avice designed to optimize the responses of the cells at its surface may result in faster and more solid integration of the device into the host tissue. evaluation of retrieved human noncemented porous-
